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A B S T R A C T

The performance of two types of air diffusers, a perforated duct and a low-velocity unit coupled with local ex-
hausts, on airborne transmission and cross-infection was investigated in a meeting room. The effect of air dif-
fusers’ locations on airborne transmission was investigated. Six local exhausts were installed above six 
workstations at 2.0 m height. Respiratory-generated airborne pathogens were simulated using SF6 in the exhaled 
air of the manikin acting as an infected person. The SF6 concentration in the inhaled air of five susceptible 
persons remained steady with perforated duct located on the ceiling and at 1.7 m height attached to the corridor 
wall, but fluctuated greatly when perforated duct were located on the floor, although with a much lower con-
centration level. The perforated duct under the warm window showed the best potential for mitigating airborne 
transmission. The concentration in the inhaled air was varied with horizontally supplied low-velocity unit, but 
much steadier with low-velocity unit at 1.7 m attached to the wall. With an adjusted airflow pattern from low- 
velocity unit, the inhaled concentration was much lower and uniform among the five susceptible persons. The 
contaminant removal effectiveness (CRE) was 4.3 with perforated duct under a warm window on the floor. With 
an adjusted airflow pattern from low-velocity unit, the CRE was much more consistent and increased from 2.1 to 
3.9 with an airflow rate from 61 l/s to 116 l/s. The infection probability was the lowest with the perforated duct 
on the floor and adjusted low-velocity unit.

1. Introduction

Effective ventilation plays a crucial role in mitigating airborne cross- 
infection in the built environment and increasing the ventilation rate 
can effectively reduce the risk of long-range airborne transmission 
[1–3]. It has been shown that a higher risk of infection may occur in 
poorly ventilated spaces because of proper air circulation for reducing 
the infection probability [4,5]. Recently, it has been clearly proven that 
airflow distribution methods have a substantial impact on personal 
exposure to indoor air pollutants [6,7]. The need for occupant-based 
ventilation systems, such as personalized ventilation instead of central 
systems, to reduce cross-infections has been highlighted. However, the 
efficacy of supply air distribution in the occupied zone can vary due to 
the complex interaction of the expiratory airflow and buoyancy flows 
[8]. Furthermore, exhaled aerosol droplets from an infected person 
transmitting to the susceptible persons are affected by the breathing 
flow, human body boundary layer flow [9], and ventilation flow. It is 

important to consider various factors beyond just the ventilation volume 
when evaluating ventilation systems, such as the airflow distribution 
and direction. A recent study indicated that boosting the ventilation rate 
might lead to an increased concentration of respiratory pathogens in the 
inhaled air [10]. The proximity of an infected individual to the air 
supply unit in displacement ventilation systems can influence the 
infection risk significantly [11]. This highlights the importance of 
considering the placement of potential infectors concerning the air 
supply unit when designing ventilation systems to mitigate infection 
risks effectively.

Local exhaust systems are extensively utilized in various settings for 
their effectiveness at removing contaminants. In hospital wards, the 
local exhaust systems are used to remove infectious contaminants to 
keep patients and health workers safe [12–14]. A local exhaust system 
could minimize the number of droplets evaporated in the ward. A 
personalized exhaust operation can reduce the exposure of a health work 
more efficiently than an increase of ACH [15]. Moreover, it is critical to 
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maintain the clean air supply to avoid contamination [16] in intensive 
care units and operating rooms and in industrial workplaces to reduce 
dust fumes or vapors generated during manufacturing processes [17,18] 
with a local exhaust. In addition, a local exhaust is used in laboratories 
to avoid contaminated particles affecting the samples [19], kitchens 
[20], offices [21], and classrooms [22]. Hence, local exhausts are 
beneficial for reducing the spread of airborne contaminants and pro-
tecting the occupants’ health.

A local exhaust is efficient against airborne transmission in densely 
occupied spaces. Yang et al. [23] found that with a top-personalized 
exhaust or shoulder-personalized exhaust, the exposure for the healthy 
person after 30 min was lower than the exposure at 10 min without a 
personalized exhaust. The combination of physical barriers and personal 
exhaust ventilation consistently reduced contaminant concentration by 
34 %–83 % [21].

Recent studies have proved that the location of the exhaust also has a 
significant effect on personal exposure to indoor air pollutants [24,25]. 
Depending on the location of the exhaust, exhaled airborne pathogens 
can become entrained back into the supply air stream and can eventually 
spread into the entire room. Through experimental studies conducted 
for local exhaust ventilation systems, Liu et al. [26] suggested im-
provements in the capture efficiency by varying the height distance of 
the exhaust hood, describing its importance in an industrial plant. 
Furthermore, the height of the local exhaust in an office has a significant 
effect on energy saving and the indoor environment. Ventilation stra-
tegies and furniture layout in the office have a great influence on airflow 
and pollutant distribution patterns. Improvements in the local exhaust 
system using jet-like devices inducing using vortex-based airflows have 
been suggested [27–29] which improve the capture efficiency, and the 
range of capturing particles given that it is close to the source of 
contamination. Qian et al. [30] showed that a high-concentration layer 
of exhaled droplet nuclei existed with displacement ventilation due to 
thermal stratification. Therefore, if the local exhaust is applied at an 
appropriate height with displacement ventilation, this layer would not 
be observed.

In our recent studies [6,31], the performance of local exhaust above 
the workstation in a meeting room was studied with mixing ventilation 
(a perforated duct installed on the ceiling) and displacement ventilation 
(a horizontally supplied low-velocity unit). The airborne transmission 
and infection risk using the perforated duct and low velocity unit on the 
floor was quantitatively analyzed. The infection probability for every 
exposed person was found to be quite uniform with the perforated duct 
but varied depending on the airflow rate and the relative distance be-
tween the low-velocity unit and the exposed person. The local exhaust 
improved the local air quality significantly, particularly with a 
low-velocity unit. However, if the location of the perforated duct and 
low-velocity unit are varied, the airflow pattern and airborne trans-
mission would be different. Studying the impact of varying the location 
of air diffusers on airborne transmission within a meeting room equip-
ped with a local exhaust system is a novel approach.

The motivation of this study was to optimize the positions of perfo-
rated ducts and low-velocity unit to influence airflow patterns and 
consequently affect the transmission of airborne contaminants in indoor 
environments. By examining these factors, the study can provide valu-
able insights into optimizing air distribution systems to enhance indoor 
air quality and reduce the risk of airborne transmission of pathogens. 
The novelty of the study is to present the effect of the location of a 
perforated duct and low-velocity unit together with local exhaust on 
airborne transmission. In this study, the perforated duct was located at 
four different locations: in the middle of the ceiling, under a warm 
window on the floor, below a corridor wall on the floor and attached to 
the corridor wall at 1.7 m height. With the low-velocity unit, the first 
setup was located on the floor with a horizontally supplied flow, the 
second setup was an adjusted air pattern from low-velocity unit with 
perforated panels, and the third setup was attached to the wall at 1.7 m 
height.

2. Methods

The experiments were conducted within a full-scale test room, 
wherein the indoor conditions were controlled. The dimensions of the 
test room were 5.50 m (length), 3.80 m (width), and 3.60 m (height), 
resulting in a total floor area of 21 m2. To maintain a stable environ-
ment, the test chamber was situated within a laboratory hall.

2.1. Experimental set-up

2.1.1. Test room
The aim of this experimental setup was to replicate a typical meeting 

room with a conventional layout. A meeting table accommodating six 
workstations was positioned in the center of the room, as depicted in 
Fig. 1. There were six local exhausts installed above the workstations 
forming a continuous plate over the workstations at a height of 2.0 m 
with dimensions of 900 mm × 900 mm.

The size of the meeting table was 5.2 m × 0.8 m. Surrounding the 
table were a breathing thermal manikin, one heated dummy [32], and 
four heated cylinders. The diameter of the heated cylinder was 0.4 m 
and the height was 1.1 m including 0.1 m high legs against the vertical 
air distribution. The dummy and cylinders [33,34] were served as in-
dividuals susceptible to thermal plumes, but without the respiratory 
process. Only the manikin and dummy were equipped with a laptop. 
Overhead lights were installed in the middle of the workstations, 
attached to the ceiling panels.

To simulate warm window conditions, one side of the room was 
equipped with warm radiant panels. These panels were supplied with 
hot water to achieve the desired surface temperature, replicating sum-
mer conditions. Additionally, a heating foil was placed on the floor 0.8 
m away from the heated window panel wall to simulate the impact of 
direct solar radiation. The heat gains used in the test room are sum-
marized in Table 1.

2.1.2. Air distribution methods
This study employed the utilization of mixing and displacement air 

distribution principles. One of two air diffusers was a perforated duct 
(Ventiduct VSR duct-diffusers [35]) with a diameter of 200 mm and a 
total length of 5.5 m, as shown in Fig. 2. Another air diffuser was a 
low-velocity unit (Zen ZRE – Displacement ventilation unit [36]) 
measuring 1140 mm × 550 mm.

To study the effect of the location of the air diffuser on the air dis-
tribution, the perforated duct (PD) was installed at 4 locations, as shown 
in Fig. 3: 1) in the middle of the ceiling with a downward airflow (PD- 
ceiling); 2) under a warm window on the floor with an airflow direction 
of 45◦ upwards (PD-warm window); 3) below a corridor wall on the floor 
with an airflow direction of 45◦ upwards (PD-corridor wall); 4) attached 
to the corridor wall at 1.7 m height with av airflow direction of 45◦

downwards (PD-corridor wall-1.7m).
The low-velocity unit (LV) was installed at 3 locations, as shown in 

Fig. 4: 1) with horizontally supplied air from a low-velocity unit in the 
middle of the wall facing the door on the floor (HLV); 2) with airflow 
pattern adjustment using a low-velocity unit on the floor, combined with 
two perforated panels angled at 45◦ and a non-perforated blocker 
positioned in front of the unit, effectively redirecting the airflow to the 
side of the meeting table (ALV); 3) attached to the middle of a wall at 1.7 
m height and adjusting the direction of the downward airflow using a 
reflector at a 45◦ angle (LV-1.7m). The air distribution is modified to 
resemble adaptive attachment ventilation [37]. The goal of this setup 
was designed to delivery air above the meeting table while preventing A 
direct airflow drop onto the floor. The parameters of the designed 
experimental cases are shown in Table 2. The general exhaust was 
located on the ceiling in the corner.

2.1.3. Thermal breathing manikin
The thermal breathing manikin (PT Teknik, Hillerød, Denmark) 
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utilized in this study consisted of 27 individual body segments that were 
heated separately, serving as a simulation of an infected individual in a 
seated position (referred to as the “infector” hereafter). The dimensions 
of the manikin matched a 1.75 m tall male. The heat power and tem-
perature of each body segment were independently regulated by a 
computer program. Throughout this experiment, the manikin’s surface 
temperature was meticulously controlled to closely match that of human 
skin temperature, adhering to the control mode for thermal comfort. 
Furthermore, the manikin was dressed in attire consisting of a short- 
haired wig, vest, shirt, trousers, light socks, and light shoes, with a 
thermal insulation value of 0.5 Clo, imitating the clothing typically worn 
in an office setting during the summer season.

The nostrils of the manikin were designed as circular openings, each 
with an area of 44.2 mm2, while the mouth was shaped as an ellipsoidal 
opening with an area measuring 113.4 mm2. Two jets were expelled 
from the nostrils, angled 45◦ downward from the horizontal axis.

To replicate natural human breathing, the manikin was connected to 

an artificial lung. The artificial lung allows realistic simulation of a 
human like breathing cycle, with timers controlling the air pumps so 
they can simulate breathing. It consists of an air distribution system, 
humidifying system and system for maintaining exhaled air tempera-
ture. The intended pulmonary ventilation rate was 6.0 l/min [38]. Each 
breathing cycle consisted of a 2.5-s inhalation phase, followed by a 1.0-s 
pause, a 2.5-s exhalation phase, and another 1.0-s pause. The exhaled air 
was mixed with tracer gas from the manikin and heated to a temperature 
of 35 ◦C, while also being humidified to 85 %.

2.1.4. Measured parameters and instrumentation
In this experimental study, the tracer gas SF6 was employed to 

replicate the presence of virus-containing droplet nuclei in the exhaled 
air of an infected manikin [7]. The tracer gas was introduced continu-
ously into the artificial lung and only released from the nose during the 
exhalation period. The rest of the tracer gas was removed outside of the 
room directly. The flow rate of the tracer gas was set to 2 ml/s [39], 
while the pulmonary ventilation rate of the manikin infector was 
maintained at 6 l/min. Consequently, the concentration of the tracer gas 
in the exhaled air of the infected manikin was approximately 20,000 
ppm.

Throughout the experiment, the concentration of tracer gas was 
measured at six different locations by a multi-gas analyzer platform 
(GASERA one, Turku, Finland) with an accuracy of 0.37 ppm. These 
locations included inhaled air of five susceptible individuals and general 
exhaust, as depicted in Fig. 1. The dosing of the tracer gas commenced 1 
h after the attainment of steady-state conditions in the indoor environ-
ment. The tracer gas measurement in the test room involved two distinct 
stages. Initially, the concentration of the tracer gas increased following 
its introduction, and subsequently, it reached a stable value at the 
general exhaust. All the measurement devices used during the experi-
ments are summarized in Table 3.

Fig. 1. a) The meeting room set-up and b) top view [mm].

Table 1 
The heat gains used in the tests.

Heat flux W/m2 67 36

Total heat flux W 1407 756
Floor area m2 21 21
Total heat load W 1407 756
Manikin W 80 80
Dummy W 75 75
4 Cylinder dummies W 75 × 4 = 300 75 × 4 = 300
2 Lptops W 2 × 40 = 80 2 × 40 = 80
Light W 90 90
Window panels W 317 86
Solar load at floor W 420 0
Equipment of manikin W 45 45
Supply airflow rate l/s 117 63
Air change rate 1/h 5.6 3
Supply air temperature ◦C 16 16
Design room air temperature ◦C 26 26

Fig. 2. a) Perforated duct and b) low-velocity unit.
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2.2. Experimental conditions and test cases

In this study, the experimental conditions were as follows: the supply 
air temperature was maintained at 16 ◦C with an accuracy of ±0.2 ◦C, 
while the exhaust air temperature was measured at 26 ± 1 ◦C according 
to the heat gain and cooling load balance in Table 1. The relative hu-
midity of the indoor air was not actively controlled and exhibited slight 
variations ranging from 30 % to 40 % during the experiments.

The supplied airflow was 117 l/s and 63 l/s with a heat gain of 67 W/ 

m2 and 36 W/m2, leading to airflow rates of 5.5 l/s per m2 and 2.9 l/s per 
m2, respectively. With an airflow rate of 61 l/s, a total of 30 l/s of 
exhaust air was extracted through the six local exhausts, with each local 
exhaust point removing 5 l/s of air. The remaining 31 l/s of air was 
expelled through the general exhaust. Similarly, with an airflow rate of 
116 l/s, exhaust air of 60 l/s was removed from 6 local exhausts (10 l/s 
per local exhaust), while the rest of the air (56 l/s) was removed by the 
general exhaust.

Fig. 3. The location of perforated duct 1) on the middle of ceiling, 2) under the warm window, 3) below the corridor wall and 4) attached to the corridor wall at 1.7 
m height.

Fig. 4. The location of the low-velocity unit 1) on the floor, 2) modified air direction with perforated panel and 3) attached to the wall at 1.7 m height.
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2.3. Evaluation indices

The contaminant removal effectiveness (CRE) εc, serves as a quan-
titative measure of the rate at which an airborne contaminant is elimi-
nated from a room [40]. This metric is determined based on various 
factors including the average concentration of contaminants in the room 
< C >, as well as the contaminant concentration at the supply Cs, and 
the contaminant concentration at the exhaust Ce, as follows: 

Ce =
Ce − Cs

< C > −Cs
(1) 

To assess the infection risk associated with indoor environments, the 
Wells-Riley model [41] is commonly employed. This model assumes that 
the indoor conditions are fully mixed and steady as follows: 

P =
C
S

= 1 − e
−

(

Iqpt/Q

)

(2) 

where P is the infection probability, C is the number of new infections, S 
is the number of susceptible people, I is the number of infectors, q is the 
quantum generation rate by an infected person (quanta/h), p is the 
pulmonary ventilation rate (m3/h), t is the total exposure time (h), and Q 
is the room ventilation rate (m3/h).

However, it is important to acknowledge that indoor conditions are 
not uniform throughout the entire space. Therefore, it is necessary to 
account for the non-uniformity factor within the probability model. 
Zhang and Lin [39] proposed a dilution-based evaluation approach to 
estimate the risk of airborne infection. This approach modifies the 

Wells-Riley model to accommodate situations where the indoor envi-
ronment is not fully mixed. The revised Wells-Riley model is as follows: 

D =
Cinfector

Csusceptible
(3) 

Cquantum =
q

D ∗ pinfector
(4) 

Nquantum =

∫T

0

psusceptible Cquantum(t)dt (5) 

PD = 1 − e−Nquantum (6) 

PD = 1 − e

−

∫T

0

q∗ psusceptible
D(t)∗pinfector

dt

(7) 

where Cinfector and Csusceptible are the airborne contaminant concentra-
tions at the infectious point and susceptible position respectively (ppm); 
Cquantum is the airborne quantum concentration at the susceptible posi-
tion (quanta/m3); D is the dilution ratio at the susceptible position; 
pinfector is the breathing rate of the infector (m3/s); Nquantum is the inhaled 
quanta by the susceptible person during the given exposure period; T is 
the total exposure time (h); PD is the airborne infection risk for the 
susceptible person during the given exposure period estimated by the 
dilution-based estimation method proposed; psusceptible is the breathing 
rate of the susceptible person (m3/s).

3. Results

3.1. Airborne transmission

Fig. 5 shows the concentration distribution of the tracer gas with a 
heat gain of 36 W/m2 and an airflow rate of 61 l/s with four different 
installation locations of the perforated duct. The tracer gas concentra-
tion was increased with time and reached steady-state conditions after 
60 min at the exhaust point. In the steady-state conditions, the average 
concentration was between 20.1 and 21.6 ppm at the exhaust point.

When the perforated duct was in the middle of the ceiling, under the 
warm window on the floor and under the corridor wall on the floor, the 
concentration of the exhaust point was higher than that in the inhaled 
air of the susceptible persons. This means that the perforated duct can 
provide cleaner air to the breathing zone than the concentration in fully 
mixed conditions. The concentration in the inhaled air was much more 
unaltered for the five susceptible persons when the perforated duct was 
located on the ceiling and at 1.7 m height. However, it fluctuated a lot 
when the perforated duct was located on the floor (Fig. 5b and c). The 
highest SD was 6.1 ppm at position E3 with the perforated duct under 
the warm window. The average concentration in the inhaled air was 
12.7 ppm and 13.6 ppm with the perforated duct located on the floor. 
The corresponding values were 16.5 ppm and 18.6 ppm with the 
perforated duct located on the ceiling and at 1.7 m height. Therefore, the 
tracer gas concentration in the inhaled air was lower but varied when 
the perforated duct was on the floor. With this installation principle, the 
air distribution was more like displacement ventilation. The average 
concentration difference between the five susceptible persons was 
largest with the perforated duct under the warm window, where 9.0 
ppm at position E4 and 16.8 ppm at position E5. The concentration at 
position E1 and position E2 was lower than other points with the 
perforated at 1.7 m height.

When the airflow rate increased to 116 l/s with a heat gain of 67 W/ 
m2 (Fig. 6), the tracer gas concentration increased with time at first and 
then reached steady-state conditions after 34 min at the exhaust. In the 
steady-state conditions, the average concentration was between 9.9 and 

Table 2 
The test cases with two air diffusers installed at different locations.

Heat flux Air diffuser Installed location

67 W/m2 Perforated duct PD-Ceiling
PD-Warm Window
PD-Corridor Wall
PD-Corridor Wall-1.7 m

Low-velocity unit HLV
ALV
LV-1.7 m

36 W/m2 Perforated duct PD-Ceiling
PD-Warm Window
PD-Corridor Wall
PD-Corridor Wall-1.7 m

Low-velocity unit HLV
ALV
LV-1.7 m

Table 3 
The measuring instruments.

Variable Model Accuracy

Temperature 
Air velocity 
Turbulence 
intensity 
Draught rate 
Radiant 
temperature

Omnidirectional probe 
54T33 Draught Probe

Air speed (v): range 0–1.0 m/s 
Uncertainty: ±2 % or ±0.0 2 m/ 
s on reference velocity 
Temperature (t): range 0–45 ◦C 
± 0.2 ◦C on reference 
temperature 
2 Hz

Operative 
temperature

ComfortSense temperature 
54T38

Uncertainty: ±0.3 ◦C on 
reference temperature 
2 Hz

Pressure 
difference

IRIS-200 damper ±5 %

Tracer gas 
concentration

Gasera ONE Multi-gas 
Sampler and Monitor

Detection limit: 0.37 ppm 
Repeatability: 0.08 %

Temperature 
Relative 
humidity

Tinytag plus 2 TGP- 4500 Air temperature ±0.5 ◦C, RH 
±3 % at 25 ◦C

Surface 
temperature

ThermaCAMTM P60 
infrared camera

±0.02⋅Tmeas
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11.7 ppm when the perforated duct was installed at different locations. 
Similarly to the case of 61 l/s, the concentration at the exhaust point was 
much higher than that in the inhaled air when the perforated duct was 

on the floor (Fig. 6b and c). The average concentration in the inhaled air 
was 3.1 ppm and 3.5 ppm with the perforated duct located on the floor. 
The corresponding values were 10.0 ppm and 9.8 ppm with the 

Fig. 5. Tracer gas distribution in the inhaled air of the five susceptible persons and general exhaust as a function of time with the heat gain of 36 W/m2 and airflow 
rate of 61 l/s with the perorated duct located a) on the middle of the ceiling, b) under the warm window on the floor, c) below the corridor wall on the floor, and d) 
attached to the corridor wall at 1.7 m height.

Fig. 6. Tracer gas distribution in the inhaled air of the five susceptible persons and general exhaust point as a function of time with the heat gain of 67 W/m2 and 
airflow rate of 116 l/s with the perforated duct located a) on the middle of the ceiling, b) under the warm window on the floor, c) below the corridor wall on the floor, 
and d) attached to the corridor wall at 1.7 m height.

W. Zhao et al.                                                                                                                                                                                                                                   Building and Environment 266 (2024) 112076 

6 



perforated duct located on the ceiling and at 1.7 m height. This means 
the performance of the perforated duct on the floor in terms of miti-
gating airborne transmission was better with the higher heat gain and 
higher airflow rate. In general, the maximum and minimum concen-
tration occurred at different susceptible persons with an airflow rate of 
61 l/s and 116 l/s. This means the increasing heat gain and airflow rate 
could adjust the airborne transmission overall in the meeting room.

Fig. 7 shows the concentration distribution of tracer gas with the heat 
gain of 36 W/m2 and the airflow rate of 61 l/s with the low-velocity unit 
(LV). After the tracer gas concentration at the exhaust point reached 
steady-state conditions, the average concentration was the highest at 
23.3 ppm with the low-velocity unit on the floor (Fig. 7 a) and the lowest 
at 19.3 ppm with the modified air direction from the low-velocity unit 
(Fig. 7 b). When the low-velocity unit was on the floor and an adjusted 
airflow pattern from the low-velocity unit, the concentration at the 
exhaust point was higher than that in the inhaled air of the five sus-
ceptible persons. In addition, the concentration in the inhaled air varied 
in these two settings (Fig. 7a and b). However, the concentration in the 
inhaled air was much more stable for susceptible persons except position 
E5 (near the infector and general exhaust) when the low-velocity unit 
was at 1.7 m height. The average concentration in the inhaled air was 
14.8 ppm but reached 30.5 ppm at position E5. With the low-velocity 
unit at 1.7 m, only a small volume of supply air from the low-velocity 
unit reached the position E5. Another possible reason for it is under 
this situation, the contaminant exhaled from the infector (near position 
E5) transferred to position E5 due to the effect of general exhaust point 
near position E5. The mean concentration with the adjusted low-velocity 
unit (10.8 ppm) was lower than the horizontally supplied low-velocity 
unit (12.0 ppm). This means the horizontally supplied airflow is not a 
good solution in the meeting room which created eddies at the opposite 
wall. Therefore, a better solution with low-velocity unit is to direct the 
flow to reduce the effect of the strong flow. When the low-velocity unit 
was at 1.7 m height, the average inhaled concentration was the highest 
(17.9 ppm) and the airflow pattern was more near the mixing 

ventilation.
When the heat gain was 67 W/m2 and the airflow rate was 116 l/s 

with the low-velocity unit, after the tracer gas concentration at the 
exhaust point reached the steady-state conditions, the average concen-
tration was similar at the exhaust at three settings, at about 11.5 ppm. 
However, with the adjusted airflow pattern, the concentration at the 
exhaust was higher than that in the inhaled air (Fig. 8 b). The average 
inhaled concentration for five susceptible persons was 5.7 ppm and 3.1 
ppm with the low-velocity unit on the floor (Fig. 8 a) and with adjusted 
airflow pattern from the low-velocity unit (Fig. 8 b). However, the value 
was 11.2 ppm when the low velocity was at 1.7 m height. With the 
adjusted airflow pattern from the low-velocity unit, the inhaled con-
centration was much lower and more uniform among the five suscep-
tible persons, which was similar to the case with the lower airflow rate.

However, there were significant variations at position E1 (near the 
door and far from the diffuser) with the low-velocity unit on the floor. 
This is because the stronger horizontally supplied air may enhance the 
airborne transmission following the direction of the air jet. Like the case 
of 61 l/s, the inhaled concentration at position E5 (near the infector and 
general exhaust) was much higher and varied with the low-velocity unit 
at 1.7 m height. At position E5, the local exhaust is at 2.0 m height and 
low-velocity unit was at 1.7 m height. With the enhanced effect of the 
general exhaust, a short-circuit flow [40] was formed at position E5 with 
a higher risk of cross-infection. Therefore, it is suggested not to situate a 
workstation near the general exhaust with the low-velocity unit at 1.7 m. 
This phenomenon also occurs with the perforated duct at 1.7 m height, 
where positions E4 and E5 were exposed to a slightly higher risk.

3.2. Dilution ratio and infection probability

Fig. 9 shows the average dilution ratio (Equation (3)) for the five 
suspectable persons after the exhaust concentration reached a steady 
state condition. With the perforated duct and the airflow rate of 61 l/s, 
the dilution ratio remains relatively consistent among the five 

Fig. 7. Tracer gas distribution in the inhaled air of the five susceptible persons and general exhaust as a function of time with the heat gain of 36 W/m2 and airflow 
rate of 61 l/s with the low-velocity unit located a) on the floor, b) an adjusted airflow pattern from the low-velocity unit with the perforated panel and c) attached to 
the wall at 1.7 m height.
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suspectable persons. In comparison to the perforated duct in the ceiling 
and at 1.7 m height, the average values with the perforated duct on the 
floor was higher. Specifically, the average dilution ratios were 1821 and 
1103 with the perforated duct under the warm window and at 1.7 m 
height, respectively. This means the average inhaled concentration was 
only 11.0 ppm while the exhaled concentration by the infector was 

20000 ppm with the perforated duct under the warm window. Conse-
quently, the dilution ratio increased by 40.4 % with the perforated duct 
under the warm window. With an airflow rate of 116 l/s, the corre-
sponding values were 7333 and 2106 with the perforated duct under the 
warm window and at 1.7 m height, resulting in an increase of 71.2 %. As 
a result, the increasing airflow rate could improve the dilution ratio 

Fig. 8. Tracer gas distribution in the inhaled air of the five susceptible persons and general exhaust as a function of time with heat gain of 67 W/m2 and airflow rate 
of 116 l/s with the low-velocity unit located a) on the floor, b) a modified air direction from the low-velocity unit with perforated panel and c) attached to the wall at 
1.7 m height.

Fig. 9. Dilution ratio with for the five susceptible persons with the perforated duct and low-velocity unit systems.
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greatly.
The dilution ratio under 61 l/s for the five suspectable persons was 

2181 and 1230 with the adjusted low velocity unit and low velocity unit 
at 1.7 m height. With the airflow rate increasing to 116 l/s, the dilution 
ratio with the horizontally supplied low-velocity unit varied excessively 
between the five persons. Therefore, the horizontally supplied low ve-
locity unit is not suitable for high airflow rate. With the low velocity unit 
at 1.7 m, the dilution ratio was 2627 and increased by 66.8 %–7910 with 
the adjusted low-velocity unit. The dilution ratio with the perforated 
duct under the warm window and adjusted low-velocity unit was quite 
similar at both airflow rates.

The human quanta yield varies based on pathogens and human ac-
tivity. The quanta can be in the tens or hundreds when speaking. In these 
infection risk calculations, the yield of infected quanta has been assumed 
to be 5 quanta per hour [42], which is a moderate level. According to the 
Wells–Riley model which assumes that the indoor condition is 
fully-mixed and under steady-state conditions, the infection probability 
for all the susceptible persons varied between 2.4 % and 1.3 % with 61 
l/s and 116 l/s after 3 h’ exposure in the meeting room. Additionally, the 
infection probability varied with the locations of the susceptible per-
sons, locations of the air terminal device and air distribution methods 
(Fig. 10).

In general, the infection probability with the perforated duct was 
much lower than in the fully mixed conditions. Especially when the 
perforated duct was located under the warm window and corridor wall 
on the floor, the cross infection was the lowest among the occupants. 
Combined with a local exhaust, the supply air rose to the breathing zone 
and the contaminant was effectively removed by the local exhaust effi-
ciently. This phenomenon was more noticeable with the higher airflow 
rate where the higher local exhaust flow rate was used. The mean 
infection probability after 3 h’ exposure was 0.9 % with an airflow rate 
of 61 l/s and reduced to 0.3 % with 116 l/s when the perforated duct was 
on the floor, as marked with the red circles.

With the low-velocity unit under the low airflow rate, the infection 
probability was lower than 2.4 %. However, position E5 (near the 
infector and general exhaust) exposed to a higher risk with the airflow 
rate of 116 l/s when the low-velocity unit was at 1.7 m height. When the 

airflow increased with the horizontally supplied low-velocity unit on the 
floor, the infection risk for position E1 (near the door and far from the 
diffuser) increased from 0.5 % to 1.1 %. Therefore, a higher airflow rate 
did not necessarily mean safer conditions with the low-velocity unit. The 
adjusted low-velocity unit showed the best performance concerning 
cross-infection. The supplied airflow at the floor level was delivered to 
the two sides of the meeting table where the occupants were seated. 
With the interaction between the thermal plume of the occupants and 
other heat gains, the cold air went up to the breathing zone to dilute the 
contaminant. The mean infection probability was 0.7 % with 61 l/s and 
0.2 % with 116 l/s after 3 h’ exposure.

3.3. Contaminant removal effectiveness (CRE)

In the fully mixed situation, the concentration in the exhaust is the 
same as in the whole room, which gives a CRE value equal to 1. In this 
study with the perforated duct on the ceiling and located at 1.7 m height, 
the CRE was quite uniform among the five susceptible persons (standard 
deviation (SD) = 0.1) and the average value was 1.1–1.3 (Table 4). 
When the perforated duct was under the warm window and corridor 
wall on the floor, the CRE value varied slightly, and it was 2.0 and 1.6 
with the warm window and corridor wall, respectively. When the 
airflow rate increased to 116 l/s and the heat gain to 67 W/m2, the CRE 

Fig. 10. Infection probability for the five susceptible persons with the perforated duct and low-velocity unit systems after 3 h’ exposure time.

Table 4 
The contaminant removal effectiveness with different installation locations of 
perforated duct and low-velocity unit.

36 W/m2 67 W/m2

Mean SD Mean SD

PD-Ceiling 1.3 0.1 1.1 0.1
PD-Warm Window 2.0 0.6 4.3 1.1
PD-Corridor Wall 1.6 0.4 3.3 1.2
PD-Corridor Wall-1.7 m 1.1 0.0 1.1 0.1
HLV 2.3 0.6 5.3 2.8
ALV 2.1 0.5 3.9 1.3
LV-1.7 m 1.3 0.1 1.5 0.2
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value was more uniform (SD = 0) with the perforated duct in the middle 
of the ceiling but decreased slightly. The increasing airflow had no effect 
on the air change efficiency. Therefore, it is more important to focus on 
the air distribution. Similarly to the perforated duct in the middle of the 
ceiling, the CRE value was quite stable when the perforated duct was at 
1.7 m height.

If the perforated duct was located under the warm window and 
below the corridor wall, the CRE value fluctuated and the mean value 
was 4.3 and 3.3 with the perforated duct under the warm window and 
below the corridor wall, respectively. A possible reason for this is the 
combination effect of higher local airflow rate (10 l/s per person) from 
the local exhaust and higher supply airflow rate. In addition to this, the 
supply airflow from the floor level did not disturb the airflow to the local 
exhaust, which enhanced the contaminant removal. With an airflow rate 
of 61 l/s, the SD (0.6) was much higher with the perforated duct on the 
floor and increased to 1.2 with an airflow rate of 116 l/s. Therefore, the 
airflow pattern fluctuated but the CRE was higher when the perforated 
duct was on the floor.

Compared with the high-level installation, the low-level installation 
of the perforated duct worked better with both airflow rates studied. 
Especially, when the perforated duct was located under the warm win-
dow, the CRE value was higher than with the perforated duct under the 
corridor wall. One possible reason for this is that the airflow follows the 
thermal plume of the window and then turns down at the corridor wall 
and creates large eddies in the room space. But when the perforated duct 
was under the corridor wall, the airflow spread out over the floor and 
then drifted up the warm window side.

When the low-velocity unit was located on the floor (both horizon-
tally supplied low-velocity unit and low-velocity unit with the adjusted 
air distribution) with 36 W/m2 and 61 l/s, the SD of the CRE was large 
and showed high efficiency. The CRE with the low-velocity unit at 1.7 m 
was much lower but remained constant and did not vary during the 
measurement. The CRE with the low-velocity unit at 1.7 m was much 
lower and did not increase much when the airflow rate rose from 61 l/s 
to 116 l/s. When the airflow rate increased to 116 l/s and the heat gain 
increased to 67 W/m2, the CRE fluctuated more with the low-velocity 
unit on the floor than that with the airflow rate of 61 l/s.

With the adjusted airflow pattern from the low-velocity unit, the CRE 
increased from 2.1 to 3.9 when the airflow rate was increased from 61 l/ 
s to 116 l/s. This means the supply air can be delivered to every sus-
ceptible person with the adjusted low-velocity unit. However, the hor-
izontally supplied low-velocity unit with an airflow rate of 116 l/s 
created an unstable airflow pattern, and the SD of the CRE reached to 
2.8. This means the exposure level for every susceptible person varied 
greatly. Therefore, the horizontally supplied low-velocity unit is not a 
suitable solution in a small meeting room, when the specific airflow rate 
per unit is high as it could create eddies at the opposite wall. A better 
solution is to adjust the airflow pattern from the low velocity unit and 
then reduce the effect of the colliding flow on the opposite wall.

Overall, when perforated duct was located in the middle of the 
ceiling or attached to the corridor wall at 1.7 m and the low velocity unit 
at 1.7 m, the air distribution was closer to the mixing ventilation. The 
airflow pattern was quite stable in the room and the CRE value was 
approximately 1. When the perforated duct was under the warm window 
or corridor wall and the low velocity unit was on the floor with hori-
zontal flow or adjusted flow pattern, the air distribution in the room was 
closer to the displacement ventilation. The airflow pattern slightly 
fluctuated and the CRE value was between 1.6 and 2.1 with an airflow 
rate of 61 l/s and double with the airflow rate of 116 l/s.

In the study, it was noticed that the airborne cross-infection was 
significantly lower when utilizing a more uniform distributed displace-
ment airflow pattern, such as having a perforated duct on the floor and 
an adjusted airflow from a low-velocity unit on the floor. Therefore, 
during the design phase of ventilation systems, careful consideration of 
the placement of air diffusers together with location of exhaust points is 
crucial to minimize the risk of airborne transmission [43].

3.4. Experimental uncertainty

The total uncertainty is comprised random and systematic uncer-
tainty in the measurements. The random uncertainty UR is caused by 
random errors. Random errors are statistical fluctuations in the 
measured data. The random uncertainty can be reduced by taking more 
samples. The random uncertainty is given by 

UR∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(x − x)
2

(n − 1) × n

√

=
SD

̅̅̅
n

√ ʹ (8) 

where UR∗ is the random uncertainty (−), x is the single measurement, x 
is the average the of measurements, n is the number of measurements, 
and SD is the standard deviation. The percentage value of the random 
uncertainty UR can be calculated as 

UR =
UR∗

x
× 100% (9) 

The systematic uncertainty US is related to systematic errors. Sys-
tematic errors are reproducible inaccuracies due to aspects such as in-
strument errors. The systematic uncertainty of the equipment was 0.08 
%. Finally, the total uncertainty UT, based on both above mentioned 
parameters, is given by 

UT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

UR
2 + US

2
√

(10) 

In this study, the total uncertainty was defined for all obtained results of 
the tracer gas concentration. Based on Equations (8)–(10), the total 
uncertainty was in the range of 0.3 %–16.4 %, corresponding to the 
range of 0 ppm–1.7 ppm.

4. Discussion

The placement of supply and exhaust units can play a crucial role in 
mitigating infection risks in indoor environments. The study emphasizes 
the importance of air distribution solutions that are easy to implement 
and modify to create localized micro-environments around occupants. It 
contributes the idea that air distribution plays a significant role in 
determining local contaminant concentrations, especially when air ter-
minal devices are positioned at floor level and the exhaust is near the 
occupants. Thus, a careful evaluation of the ventilation configuration 
can help in gaining insight and optimizing the flow path of air to obtain 
the desired combination of energy saving and the reduced risk of 
airborne transmission. This comprehensive approach not only ensures a 
high perception of indoor air quality but also contributes to creating 
healthier and safer environments for occupants.

It is crucial to assess the possible locations of vulnerable individuals 
within a room, recognizing that the level of risk can vary significantly in 
different locations [6]. However, it is challenging to estimate the exact 
location of person indoors. Consequently, providing instructions on 
seating arrangements when rooms are not fully occupied during a 
pandemic becomes crucial. Additionally, implementing sensors to 
monitor individual locations could inform ventilation system adjust-
ments in real-time, enhancing the overall air quality management. By 
designing ventilation systems that accommodate individual positioning 
and airflow dynamics, it becomes possible to mitigate risks effectively 
and enhance indoor air quality.

With the low-velocity unit, it was observed that horizontally sup-
plied air passing under the meeting table caused fluctuations in the 
airflow pattern. The highest SD of tracer gas distribution can reach 7.5 
ppm with the low-velocity unit on the floor but only 1.7 ppm with 
modified low-velocity unit. To ensure optimal air distribution benefiting 
all occupants, it is essential that the airflow is evenly dispersed. A hor-
izontal airflow from the low-velocity unit may not be ideal for this 
meeting room, as it can result in significant variations in pollutant 
exposure levels. To avoid the formation of eddies, the airflow from the 
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low-velocity unit should be directed and diffused effectively.
Increasing the ventilation airflow rate typically helps dilute particle 

concentrations and lower the average concentration levels within a 
space. However, it is important to note that raising the airflow rate 
under certain circumstances can lead in some conditions to higher local 
concentration levels compared to lower airflow rates [44]. It is impor-
tant to recognize that solely raising the airflow rate does not always 
ensure improved ventilation effectiveness. Therefore, a comprehensive 
assessment of airflow patterns and distribution strategies is vital to 
optimize indoor air quality without inadvertently creating localized 
areas of higher pollutant concentrations.

In enclosed and mechanically ventilated rooms such as isolation 
rooms, the key factor in influencing contaminant transmission and 
control is the path from the contaminant source to the exhaust system. 
Contaminants are more effectively managed when this path remains 
uninterrupted by air streams, allowing for the efficient removal of the 
contaminants. Designing ventilation systems to create a direct, unob-
structed path from the source to the exhaust enhances contaminant 
control in these environments. A combination of locations and type of 
supply diffusers, locations of the room exhaust and supply airflow rates 
can affect the airflow patterns, which are intricate and unique to each 
design configuration. This study indicates an overhead local exhaust 
combined with a proper supply air distribution establishes a ready flow 
path for airborne particles to exit the room without significant recircu-
lation. However, determining the optimized design configuration and 
placement of supply diffusers and the exhaust in enclosed and me-
chanically ventilated rooms can be challenging due to variations in room 
layouts, airflow patterns, and specific contaminant sources. Factors such 
as the room size, layout, occupancy, and the size of contaminants play 
significant roles in deciding the most effective ventilation design. 
Careful evaluation of these factors is essential for achieving effective 
contaminant control and maintaining a healthy indoor environment.

This study focuses on airborne transmission with a tracer gas under 
steady state condition (no person walking). Therefore, this study cannot 
represent the transient airborne transmission under dynamic conditions. 
For example, the walking person disturbed the displacement principle 
and resulted in a decrease of the inhaled air quality with the displace-
ment ventilation [45]. The influence of a moving manikin on mixing 
ventilation was less than for displacement ventilation. Moreover, the 
tracer gas SF6 used in this study cannot simulate the complicated dy-
namic processes of exhaled aerosols, such as evaporation, condensation, 
coagulation, resuspension, and phase change. Additionally, the breath-
ing process of the exposed person was not considered in this study. 
Finally, the parameters of breathing are varied due to age, gender, and 
metabolic rate, etc., which may also have some effect on the infection 
risk. Finally, the reliance on a singular chamber configuration experi-
ment might not fully represent the complexity of real-world scenarios, 
such as diverse room geometries and conditions. Future research will 
address these limitations.

5. Conclusions

This study demonstrates that the supply airflow paths, airflow rate, 
local exhaust and supply units’ location can work collaboratively to 
establish protective and effective contaminant control. In the present 
study, the performance of two types of air diffusers: perforated duct and 
low-velocity unit combined with local exhausts on airborne transmission 
and cross infection was investigated in a meeting room. The conclusions 
were as follows:

• Combined with a local exhaust, the concentration distribution in 
inhaled air was much lower with the perforated duct on the floor 
than on the ceiling and at 1.7 m height attached to a cold window. 
The performance of the perforated duct on the floor to mitigate 
airborne transmission is much better than that installed on the ceil-
ing with higher a heat gain and airflow rate.

• Combined with the local exhaust, the concentration in the inhaled air 
varied with the low-velocity unit on the floor but was much more 
stable with the low-velocity unit at 1.7 m attached to the wall. With 
an adjusted air direction from the low-velocity unit, the inhaled 
concentration was much lower and uniform among the five suscep-
tible persons.

• The CRE value was quite stable and slightly higher than the one 
when the perforated duct was located on the ceiling and at 1.7 m 
height. With the perforated duct on the floor, the CRE varied and 
increased with the airflow rate. The CRE value was 4.3 with the 
perforated duct attached to the warm window on the floor.

• A higher airflow rate led to a higher fluctuation of CRE when the low- 
velocity unit was on the floor. With the modified air direction from 
the low-velocity unit, the CRE was much more stable and increased 
from 2.1 to 3.9 when the airflow rate was from 61 l/s to 116 l/s.

• The dilution ratio with the perforated duct under the warm window 
and modified low-velocity unit was the highest.

• The infection probability with the perforated duct was much lower 
than in fully mixed conditions. This was especially the case when the 
perforated duct was attached to the warm window and corridor wall 
on the floor. The mean infection probability after 3 h’ exposure was 
0.9 % with an airflow rate of 61 l/s and reduced to 0.3 % with 116 l/s 
when the perforated was located on the floor.

• The higher airflow rate did not mean safer conditions with a low- 
velocity unit. The perforated duct on the floor and modified low- 
velocity unit showed the best performance for cross-infection.

Nomenclature

PD Perforated duct
LV Low-velocity unit
PD Ceiling Perforated duct in the middle of the ceiling
PD Warm Window Perforated duct under the warm window on the floor
PD Corridor Wall Perforated duct under the corridor wall on the floor
PD Corridor Wall-1.7 

m
Perforated duct attached to the corridor wall at 1.7 m height

HLV Low-velocity unit on the floor with horizontally supplied 
flow

ALV Adjusted air pattern from low-velocity unit with perforated 
panels

LV 1.7 m Low-velocity unit attached to the wall at 1.7 m height
CRE Contaminant removal effectiveness
SD Standard deviation
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Writing – review & editing, Methodology, Conceptualization. Juha 
Jokisalo: Writing – review & editing. Risto Kosonen: Writing – review 
& editing, Supervision, Project administration, Funding acquisition, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

W. Zhao et al.                                                                                                                                                                                                                                   Building and Environment 266 (2024) 112076 

11 



Acknowledgment

The study was supported by SUOJAILMA project funded by the 
Finnish Work Environment Fund (Grant No. 210099). HEATCLIM (Heat 
and health in the changing climate, Grant Numbers. 329306, 329307) 
funded by the Academy of Finland within the CLIHE (Climate change 
and health) Programme.

References

[1] L. Morawska, J.W. Tang, W. Bahnfleth, P.M. Bluyssen, A. Boerstra, G. Buonanno, 
J. Cao, S. Dancer, A. Floto, F. Franchimon, How can airborne transmission of 
COVID-19 indoors be minimised? Environ. Int. 142 (2020) 105832.

[2] L. Morawska, J. Cao, Airborne transmission of SARS-CoV-2: the world should face 
the reality, Environ. Int. 139 (2020) 105730.

[3] H. Qian, X. Zheng, Ventilation control for airborne transmission of human exhaled 
bio-aerosols in buildings, J. Thorac. Dis. 10 (2018) S2295.

[4] G.A. Somsen, C. van Rijn, S. Kooij, R.A. Bem, D. Bonn, Small droplet aerosols in 
poorly ventilated spaces and SARS-CoV-2 transmission, Lancet Respir. Med. 8 
(2020) 658–659.

[5] H. Dai, B. Zhao, Association of the infection probability of COVID-19 with 
ventilation rates in confined spaces, in: Building Simulation, Springer, 2020, 
pp. 1321–1327.

[6] W. Zhao, S. Lestinen, M. Guo, S. Kilpeläinen, J. Jokisalo, R. Kosonen, An 
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